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SUMMARY 
C u r r e n t l y ,  t h e  hea t  t r a n s f e r  equa t ion  used i n  t h e  r o t a r y  combust ion engine 
(RCE) s i m u l a t i o n  model i s  taken from p i s t o n  engine s t u d i e s .  These r e l a t i o n s  
have been e m p i r i c a l l y  developed by  t h e  exper imenta l  i n p u t  coming from p i s t o n  
engines whose geometry d i f f e r s  c o n s i d e r a b l y  from t h a t  o f  t h e  RCE. The ob jec -  
t i v e  o f  t h i s  work was to  d e r i v e  equa t ions  t o  e s t i m a t e  hea t  t r a n s f e r  c o e f f i c i -  
7 
e n t s  i n  t h e  combust ion chamber o f  a RCE. 
I d e t a i l e d  tempera ture  and p ressu re  measurements i n  a d i r e c t  i n j e c t i o n  s t r a t i f i e d  
al charge (D ISC)  RCE under a range o f  c o n d i t i o n s .  For each s p e c i f i c  measurement 
M p o i n t ,  t h e  l o c a l  gas v e l o c i t y  was assumed equal  t o  t h e  l o c a l  rotor t i p  speed. 
Local  p h y s i c a l  p r o p e r t i e s  o f  t h e  f l u i d s  were then c a l c u l a t e d .  Two types  o f  
c o r r e l a t i o n  equat ions  were d e r i v e d  and a r e  desc r ibed  i n  t h i s  paper .  The f irst 
c o r r e l a t i o n  expresses t h e  N u s s e l t  number as a f u n c t i o n  o f  t h e  P r a n d t l  number, 
Reynolds number, and c h a r a c t e r i s t i c  tempera ture  r a t i o ;  t h e  second c o r r e l a t i o n  
expresses t h e  f o r c e d  convec t i on  hea t  t r a n s f e r  c o e f f i c i e n t  as a f u n c t i o n  o f  
f l u i d  temperature,  p ressu re ,  and v e l o c i t y .  





The r e s u l t s  o f  hea t  t r a n s f e r  s t u d i e s  ove r  the  p a s t  seve ra l  decades 
( r e f s .  1 to  5) have been a p p l i e d  t o  i n t e r n a l  combust ion eng ine  a n a l y s i s  t o  
access eng ine  performance and s t r u c t u r a l  i n t e g r i t y .  W i t h i n  t h e  p a s t  5 y r ,  
e x t e n s i v e  imp lementa t ion  o f  t h i s  work i n  computer codes has been used t o  simu- 
l a t e  p i s t o n  engine o p e r a t i o n .  I n  genera l ,  t h e  equat ions  used f o r  h e a t  t r a n s f e r  
a n a l y s i s  i n  t h e  p i s t o n  engine have taken t h e  f o l l o w i n g  form: 
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where equa t ion  ( 1 )  i s  used t o  es t ima te  the  heat  t r a n s f e r  c o e f f i c i e n t  i n  t h e  
r e a c t o r  ( r e f .  4); equa t ion  (2 )  i s  used t o  e s t i m a t e  t h e  t u r b u l e n t  hea t  t r a n s f e r  
c o e f f i c i e n t  t h rough  a f l a t  p l a t e  ( r e f .  8); equa t ion  (3) i s  t he  equa t ion  d e r i v e d  
by Woschni ( r e f .  5). 
These equat ions  have been found t o  be s a t i s f a c t o r y  when t h e  cons tan ts  i n  
them were based on e m p i r i c a l  i n f o r m a t i o n  a v a i l a b l e  for  t h e  p i s t o n  engine o f  
i n t e r e s t .  
Prev ious  s i m u l a t i o n s  ( r e f s .  7 to  9) of t h e  heat  t r a n s f e r  processes i n  t h e  
RCE have assumed t h a t  t h e  t u r b u l e n t  gas- to-wal l  hea t  t r a n s f e r  c o e f f i c i e n t  i s  
g i v e n  by the  McAdams c o r r e l a t i o n  for t u r b u l e n t  flows i n  p ipes ;  however, these 
assumptions were made w i t h o u t  t he  b e n e f i t  o f  the  a v a i l a b i l i t y  o f  d e t a i l e d  
exper imenta l  da ta .  
NASA d u r i n g  t h i s  a n a l y s i s .  
Data t o  make t h i s  c o r r e l a t i o n  p o s s i b l e  was c o l l e c t e d  by 
The a p p l i c a b i l i t y  o f  t h e  above hea t  t r a n s f e r  equat ions  t o  t h e  r o t a r y  com- 
b u s t i o n  engine i s  desc r ibed  i n  t h i s  s tudy.  
ROTARY ENGINE TEST R I G  
The t e s t  r i g  ( f i g .  1 )  was c o n s t r u c t e d  u s i n g  a s i n g l e  ro tor ,  rotary engine 
b u i l t  by OMC, w i t h  a 39.6 i n . 3  d isp lacement .  The engine i s  n a t u r a l l y  a s p i r a t e d  
and i n c o r p o r a t e s  d i r e c t  f u e l  i n j e c t i o n  combined w i t h  spark  i g n i t i o n  to  c r e a t e  a 
s t r a t i f i e d  charge env i ronment  f o r  combustion. 
One f u e l  i n j e c t o r  and one spark  p l u g  were used i n  t h i s  c o n f i g u r a t i o n .  The 
rotor was coo led  by t h e  i n t a k e  a i r  seeded w i t h  o i l  t o  e l i m i n a t e  t h e  need f o r  a 
main b e a r i n g  l u b r i c a t i o n  system. 
t i o n a l  f a s h i o n .  
rotor hous ing  t o  s i m p l i f y  t h e  ro tor  hous ing  and t h e  s i d e  hous ing  geometry. 
F i g u r e  2 shows t h e  p a t h  o f  t h e  c o o l a n t  th rough t h e  eng ine .  
End bear ings  w e r e  l u b r i c a t e d  i n  a conven- 
Coo lan t  i s  d i r e c t e d  p e r i p h e r a l l y  around t h e  h o t  s i d e  o f  t h e  
The f u e l  s y s t e m  c o n s i s t e d  o f  a d i s t r i b u t o r  t ype  i n j e c t i o n  pump and a f o u r -  
h o l e  p e n c i l  i n j e c t o r  which was l o c a t e d  near t h e  minor  a x i s  o f  t h e  t r o c h o i d  
housing.  The f u e l  used was an ASTM d i e s e l  check f u e l  w i t h  a cetane number o f  
53.7. 
A s i n g l e  spark p l u g  l o c a t e d  on the  minor  a x i s  o f  t h e  t r o c h o i d  hous ing  was 
used t o  i n i t i a t e  combustion. The s i n g l e  spark per  power s t r o k e  was generated 
by a c a p a c i t i v e  d i scha rge  i g n i t i o n  system. 
p rov ided  by two so leno id -opera ted  me te r ing  pumps. 
o i l  was a s y n t h e t i c ,  two-cyc le  o i l  which was n o t  r e c i r c u l a t e d  b u t  consumed i n  
t h e  combustion process.  
comparison t o  t h a t  o f  the  f u e l .  
L u b r i c a t i o n  f o r  t h e  main bear ings ,  r o t o r  bea r ings ,  and t h e  ro tor  sea ls  was 
The main b e a r i n g  l u b r i c a t i o n  
The heat  o f  combustion o f  the  o i l  was n e g l i g i b l e  i n  
The remainder o f  t h e  t e s t  r i g  c o n s i s t e d  p r i m a r i l y  o f  an eddy c u r r e n t  dyna- 
The motor was capable o f  mo to r ing  t h e  eng ine  up mometer and an e l e c t r i c  motor. 
to  speeds o f  3200 rpm, w h i l e  t h e  dynamometer cou ld  absorb engine to rques  up t o  
50 f t - l b f  a t  speeds up t o  6000 rpm. 
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INSTRUMENTATION 
The f low o f  a i r  i n t o  t h e  engine was measured u s i n g  a l am ina r  f low element .  
The f low element was separa ted  from t h e  eng ine  by a plenum chamber which damp- 
ened p u l s a t i o n s  from t h e  i n t a k e  s t r o k e s  o f  t h e  eng ine .  
Fuel f low was measured by a F l o - t r o n  p o s i t i v e  d isp lacement  f low mete r ing  
sys tem.  
The engine c o o l a n t  was a one-to-one s o l u t i o n  by volume, o f  e thy lene  g l y c o l  
and water .  The c o o l a n t  flow was measured by a t u r b i n e  flowmeter. 
i n l e t  and o u t l e t  c o o l a n t  tempera tures  were  mon i to red  a l o n g  w i t h  the  engine 
speed, exhaust  tempera ture  and hous ing  temperatures t o  e s t a b l i s h  s teady -s ta te  
c o n d i t i o n s .  
Both the  
The l o c a l  average eng ine  temperatures ( f i g .  3) w e r e  determined by the  use 
o f  copper-constantan thermocouples mounted i n  t h e  ro tor  housing.  A t o t a l  o f  
16 thermocouples w e r e  mounted i n  p a i r s  i n  e i g h t  l o c a t i o n s  around t h e  t r o c h o i d  
housing.  A t  each l o c a t i o n ,  one thermocouple was mounted d i r e c t l y  beh ind  the  
o t h e r  i n  a s t r a i g h t  l i n e  which was p e r p e n d i c u l a r  t o  a tangent  t o  t h e  i n n e r  t ro-  
cho id  s u r f a c e  a t  t h a t  l o c a t i o n  ( f i g .  4 ) .  The second thermocouple was p laced 
0.125 i n .  from t h e  f irst thermocouple.  The thermocouples w e r e  p o s i t i o n e d  i n  
t h i s  manner so t h a t  average l o c a l  h e a t  f l u x  ( f i g .  5) and average gas-s ide w a l l  
temperature c a l c u l a t i o n s  c o u l d  be made. I n  a d d i t i o n ,  a l l  o f  these thermo- 
coup le  j u n c t i o n s  were l o c a t e d  i n  t h e  midplane o f  t h e  t r o c h o i d  housing.  Four 
a d d i t i o n a l  thermocouples were mounted i n  p a i r s ,  i n  two l o c a t i o n s  i n  t h e  c o o l a n t  
passage, t o  measure t h e  c o o l a n t  s i d e  s u r f a c e  tempera ture  and t h e  b u l k  c o o l a n t  
temperature.  
Pressures i n  t h e  combust ion chamber o f  t h e  engine w e r e  measured by a 
s e r i e s  o f  f o u r  water-cooled,  p i e z o e l e c t r i c  p ressu re  t ransducers .  These t r a n s -  
ducers were mounted i n  t h e  midplane o f  the  t r o c h o i d  hous ing  i n  such a way t h a t  
t h e  chamber p ressu re  would c o n s t a n t l y  be mon i to red  ( f i g .  6). This  cons tan t  
p ressu re  m o n i t o r i n g  th roughou t  a l l  f o u r  engine c y c l e s  was made p o s s i b l e  th rough 
t h e  use o f  a NASA-developed e l e c t r o n i c  s w i t c h i n g  and c o r r e l a t i n g  system c a l l e d  
t h e  Modular Engine I n s t r u m e n t  System ( M E I S ) .  The composi te  p ressu re  curve ,  
which i s  a r e a l - t i m e  measurement, was reco rded  on a d i g i t a l  waveform r e c o r d e r .  
The waveform r e c o r d e r  i n c o r p o r a t e d  a s e r i e s  o f  i n d i v i d u a l  a n a l o g - t o - d i g i t a l  
(A-D) c o n v e r t e r s  which p e r m i t t e d  a number o f  i n d i v i d u a l  s i g n a l s  t o  be recorded 
s imu l taneous ly .  The commerc ia l l y  a v a i l a b l e  waveform r e c o r d e r  ( f i g .  7 )  was mod- 
i f i e d  such t h a t  i t  c o u l d  be t r i g g e r e d  by an e x t e r n a l  s i g n a l  and then d r i v e n  by 
an e x t e r n a l  c l o c k .  The r e c o r d e r  was t r i g g e r e d  manua l l y  when a s teady -s ta te  
c o n d i t i o n  was reached w i t h  t h e  engine.  The r e c o r d i n g  was done i n  a c rank  ang le  
r e f e r e n c e  frame as opposed t o  a time-base r e f e r e n c e  c l o c k .  The e x t e r n a l  c l o c k  
s i g n a l  and t r i g g e r  were produced by a NASA des igned MEIS/waveform r e c o r d e r  
i n t e r f a c e  module. 
Each A-D c o n v e r t e r  o f  t h e  waveform r e c o r d e r  had 32K by tes  o f  memory asso- 
c i a t e d  w i t h  i t ,  which t r a n s l a t e s  i n t o  32 complete,  f o u r - c y c l e ,  composite pres-  
sure curves.  For each d a t a  p o i n t  taken,  32 consecu t i ve  composite curves were 
recorded and a u t o m a t i c a l l y  downloaded t o  a microcomputer  hav ing  ha rd -d i sk  
memory c a p a b i l i t y .  These 32 composite curves w e r e  ensemble-averaged i n  pos t -  
r u n  t ime t o  form one average composite p ressu re  curve  r e p r e s e n t a t i v e  o f  t h e  
engine c o n d i t i o n s  a t  t h e  t ime  d a t a  was taken.  
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Exhaust emiss ions were measured by a S c o t t  Research L a b o r a t o r i e s  T e s t  Con- 
s o l e .  
l i n e  t o  the  emiss ions ana lyze rs .  
Sampling was taken a t  a remote module and pumped 30 f t  th rough a heated 
The f o l l o w i n g  equipment was used: 
S c o t t  Model 415 - T o t a l  HC Ana lyze r  
S c o t t  Model 250 - Paramagnetic 02 
D e t e c t o r  
S c o t t  Model 125 - NO/NOx Ana lyzer  
Beckman Model 864 - C02 Ana lyzer  
Beckman Model 865 - CO Ana lyzer  
METHOD OF CALCULATION 
To s i m p l i f y  c a l c u l a t i o n ,  t h e  f o l l o w i n g  assumptions were  made: 
( 1 )  On ly  convec t i ve  h e a t  t r a n s f e r  was cons idered.  
(2 )  Assume no exhaust  gas r e c i r c u l a t i o n  or in ter -chamber gas leakage.  
(3 )  Uni form chemical compos i t i on  and gas temperature th roughout  t h e  cham- 
ber  a t  each i n s t a n t  o f  t i m e .  
( 4 )  The gas and c o o l a n t  p h y s i c a l  p r o p e r t i e s  can be computed from t h e  aver-  
age f i l m  tempera ture ,  l o c a l  p ressu re ,  and compos i t ion .  
(5 )  The l o c a l  gas v e l o c i t y  i s  assumed t o  be t h e  average s u r f a c e  t a n g e n t i a l  
v e l o c i t y  ( i t  i s  a t ime  average and i s  n o t  a s p a t i a l  average) o f  t h e  ro to r .  
The OMC t e s t  engine was r u n  a t  f o u r  s e l e c t e d  speeds: 2200, 2500, 2800, 
and 3200 rpm. Temperature and p ressu re  d a t a  w e r e  taken a t  16 thermocouples 
and f o u r  p ressu re  t ransducers  ( f i g .  4 )  under s teady -s ta te  o p e r a t i n g  c o n d i t i o n s .  
The l o c a l  gas compos i t ion  was o b t a i n e d  by b a l a n c i n g  equa t ion  ( 4 ) .  
temperature,  p ressu re  and gas compos i t ion ,  t h e  l o c a l  gas p r o p e r t i e s  were 
c a l c u l a t e d .  
Knowing t h e  
Gas s i d e  convec t i ve  h e a t  t r a n s f e r  c a l c u l a t i o n s  were based on a number o f  
e m p i r i c a l  and d e r i v e d  equa t ions .  Working f l u i d  p ressure ,  exhaust  compos i t ion ,  
and temperature measurements were c o l l e c t e d  from t h r e e  d i f f e r e n t  d a t a  a c q u i s i -  
t i o n  systems. F i r s t ,  t h e  p ressu re  t ransducers  and M E I S  measure and c o r r e l a t e  
l o c a l  gas p ressu res .  For each c rank  ang le ,  t h e  p ressu re  i s  assumed to  be con- 
s t a n t  th roughout  the  combustion chamber. 
v ides  the  h i g h  speed d i g i t i z a t i o n  necessary t o  r e c o r d  t h e  p ressu re  da ta .  
t h e  i n t a k e  and compression processes o f  t h e  d i r e c t  i n j e c t i o n  RCE, t he  worki.ng 
f l u i d  i s  s imp ly  a i r  and water  vapor .  D u r i n g  combustion, i n f o r m a t i o n  i s  based 
on sampling emiss ions and c a l c u l a t i o n s  u s i n g  the  equat ion :  
Second, the  Gould 9000 System pro-  
I n  
nl Cg H19 + n2 O2 + n3 N2 + n4 H20 -+ n5 C02 + n H 0 + n7 N2 + n8 O2 6 2  
+ ng CO + nlo NO + nll C H  1 9  (4 )  
The summation of n5 th rough rill i s  t h e  t o t a l  mo les /cyc le  (Cn j )  o f  the  
gas m i x t u r e  d u r i n g  combustion and exhaust .  T h i r d ,  t h e  va lues  ng th rough  n i l  
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are  measured by t h e  S c o t t  Emiss ion Ana lyze r  and recorded i n  t h e  E s c o r t  system. 
The l o c a l  volume of t h e  work ing  chamber i s  c a l c u l a t e d  from equa t ion  (10): 
i d e a  
t h e  
from 
2 - V ( d  = - vmin+ - 3EeRb ( 1  - cos 3 a) 2 ( 5 )  
The l o c a l  work ing  f l u i d  tempera ture  can be c a l c u l a t e d  by t h e  m o d i f i e d  
gas law equa t ion :  
Us ing  the  area  su r round ing  thermocouples 3 and 4 as an example ( f i g .  4 > ,  
oca1 average hea t  loss can be c a l c u l a t e d  by t h e  equa t ion :  
kl (03-4 = s; (T3 - T4) 
Local  gas s i d e  average w a l l  tempera ture  can be e x t r a p o l a t e d  
the  equa t ion :  
( 7 )  
F i n a l l y ,  t h e  l o c a l  gas s i d e  hea t  t r a n s f e r  c o e f f i c i e n t  i s  ca lcu -  
l a t e d  from t h e  equat ion :  
METHOD OF CORRELATION 
The t r a n s f e r  hea t  i n  gases has been w i d e l y  s t u d i e d  ( r e f s .  2 t o  5). The 
r e s u l t s  o f  t h i s  work have been c o r r e l a t e d  by a v a r i e t y  of methods which,  i n  
genera l ,  can be rep resen ted  by two d i f f e r e n t  k i n d s  of c o r r e l a t i o n .  The Corre-  
l a t i o n  I i s  t o  c o r r e l a t e  the  N u s s e l t  number as a f u n c t i o n  o f  t h e  Reynolds 
number, P r a n d t l  Number, and c h a r a c t e r i s t i c  tempera ture  r a t i o .  C o r r e l a t i o n  I 1  
i s  t o  c o r r e l a t e  the  gas s i d e  t r a n s f e r  c o e f f i c i e n t  as a f u n c t i o n  o f  gas phase 
tempera ture ,  p ressure ,  and v e l o c i t y .  
The gas v e l o c i t y  vg i n  e q u a t i o n  (10) i s  made up o f  t h r e e  components. 
The f i r s t  component i s  caused by t h e  mo t ion  of t h e  moving ro tor  r e l a t i v e  t o  
t h e  s t a t i o n a r y  housing ( i . e . ,  t h e  combustion chamber i s  r o t a t i n g ) .  The second 
component i s  squ ish ing  v e l o c i t y  caused by t h e  chamber's geometry change. 
t h i r d  component i s  t h e  v e l o c i t y  induced by t h e  expanding combustion gases. 
The magnitude and d i r e c t i o n  of t h i s  gas v e l o c i t y  i s  n o t  known; c u r r e n t l y ,  o n l y  
l a s e r  d i a g n o s t i c  techn iques  can p r o v i d e  t h i s  i n f o r m a t i o n .  S ince t h i s  i n fo rma-  
t i o n  was n o t  a v a i l a b l e  for t h i s  s tudy ,  t h e  gas v e l o c i t y  i s  assumed t o  be equal 
t o  t h e  average ( t i m e  average a t  t h e  same crank  angle,  and i s  n o t  a s p a t i a l  
average) s u r f a c e  t a n g e n t i a l  v e l o c i t y  o f  t h e  ro tor .  
c a l c u l a t e d  by t h e  f o l l o w i n g  equa t ions :  
The 
Th is  v e l o c i t y  can then  be 
5 
2 2 D(a) = 9e + ( R ' )  + 6eR' cos ( 1 1 )  
The p h y s i c a l  p r o p e r t i e s  used i n  equa t ion  (11)  a re  found f o r  each o f  t h e  
e i g h t  measurement p o i n t s  a long  t h e  ro tor  hous ing .  
p ressu re  and hous ing  tempera ture  a r e  used t o  genera te  gas tempera ture  ( T  ) and 
average gas s i d e  w a l l  tempera ture  (Twg> by equa t ions  (6 )  and (8), r e s p e c q i v e l y .  
The l o c a l  gas compos i t ion  can be balanced by equa t ion  (41, and t h e  l o c a l  f i l m  
tempera ture  c a l c u l a t e d  from e q u a t i o n  ( 1 5 ) .  The c h a r a c t e r i s t i c  d iameter  ( D )  can 
be found from equa t ion  (11)  y i e l d i n g  enough i n f o r m a t i o n  t o  c a l c u l a t e  v e l o c i t y  
( v  1 from equa t ion  (10) .  Thus, a t  each p o i n t  a l l  t h e  p r o p e r t i e s  can be e s t i -  
mafed and t h e  gas heat  t r a n s f e r  c o e f f i c i e n t  ( h  ) from the  l e f t  hand s i d e  o f  
equa t ion  (14)  can be c a l c u l a t e d  from equa t ion  4 9 ) .  
The l o c a l l y  measured gas 
The cons tan t  terms of t h e  above two c o r r e l a t e d  equat ions  were d e r i v e d  from 
a m u l t i p l e  l i n e a r  r e g r e s s i o n  techn ique .  
The m u l t i p l e  r e g r e s s i o n  de termines  m a t h e m a t i c a l l y  how v a r i a b l e  y depends 
on independent v a r i a b l e s  x i ,  x2, x3, e t c .  Us ing  m a t r i x  mathematics, t h e  r e l a -  
t i o n s h i p  between t h e  v a r i a b l e s  i s  assumed t o  be l i n e a r ,  and of t h e  form: 
y = a o + a  x 1 1  + a2 x 2  + a3 x 3  (12)  
The numer ica l  va lue  of t h e  An a re  cons tan ts .  T h i s  method p r o v i d e s  a 
leas t -squares  b e s t  f i t  by d e t e r m i n i n g  the  a ' s  for which t h e  sum o f  t h e  errors 
( i . e . ,  t h e  d i f f e r e n c e  between t h e  a c t u a l  and p r e d i c t e d  y ' s )  i s  z e r o  and the  
sum o f  t h e  squared e r r o r s  i s  minimum. A c o e f f i c i e n t  o f  d e t e r m i n a t i o n  i s  used 
t o  i n d i c a t e  how w e l l  t h e  e n t i r e  e q u a t i o n  f i t s ,  a va lue  of il.0 i n f e r s  a p e r f e c t  
f i t .  A Lotus  1-2-3 computer program was used t o  per form t h i s  r o u t i n e .  
Based on t h e  exper imenta l  da ta ,  a s tepwise  m u l t i p l e  l i n e a r  r e g r e s s i o n  pro-  
gram was used. Th is  program sought t h e  most s i g n i f i c a n t  parameter  from a l i s t  
o f  cand ida tes  p rov ided ,  and e x t r a c t e d  i t s  e f f e c t  before seek ing  t h e  n e x t  most 
i m p o r t a n t  parameter. The c o e f f i c i e n t s  w e r e  n o t  fo rced,  no r  was t h e  o r d e r  o f  
parameter s e l e c t i o n .  
C o r r e l a t i o n  I 
The Nusse l t  number i s  d e s c r i b e d  as a f u n c t i o n  of the  Reynolds number, 
P r a n d t l  Number, and c h a r a c t e r i s t i c  temperature r a t i o .  Th is  r e l a t i o n s h i p  can 
be represented  by an equa t ion  o f  t h e  form, 
6 
The p h y s i c a l  p r o p e r t i e s  i n v o l v e d  a re  eva lua ted  a t  t h e  gas s i d e  f i l m  tem- 
pe ra tu re ,  which i s  d e f i n e d  as:  
T + Tw 
2 T = g  f , g 
(15)  
When o u r  exper iment  d a t a  i s  c l o s e l y  examined, t h e r e  i s  a l a r g e  tempera ture  and 
pressure  d i f f e r e n c e  i n  RCE between unburned gas and burned gas. 
d e r i v e  a more accu ra te  hea t  t r a n s f e r  equa t ion ,  we dec ided t h a t  f o r  each c o r r e -  
l a t i o n ,  t h e  burned gas case and unburned gas case shou ld  be ana lyzed sepa- 
r a t e l y ,  and d iscussed below: 
I n  o r d e r  t o  
C o r r e l a t i o n  I - A  - The Unburned Gas Case. - The exper imenta l  d a t a  used i n  
Two regressed equa- 
t h i s  unburned gas m i x t u r e  c o r r e l a t i o n  were taken from t h e  eng ine  mo to r ing  cases 
and in take /compress ion  c y c l e  of t h e  engine f i r i n g  cases. 
t i o n s  a r e :  
-4.389(Re)0.745 Nu = 0.062 [$I ( P r )  
-4.552 
(Re )O. 7387 Nu = 0.3311 ($) 
(16)  
(17)  
The average e r r o r  of equa t ions  (16) and (17)  i s  15.25 and 15.26 pe rcen t ,  
r e s p e c t i v e l y  ( t a b l e  I). The c o e f f i c i e n t  o f  d e t e r m i n a t i o n  of equa t ions  (16)  
and (17)  i s  0.973 and 0.975, r e s p e c t i v e l y  ( t a b l e s  I1  and 111). Table I 
r e f l e c t s  t h a t  t h e  P r a n d t l  number changes s l i g h t l y  f o r  t h e  unburned gas case. 
Th is  i n f o r m a t i o n ,  a long  w i t h  the  h i g h e r  con f idence  i n  equa t ion  (17)  i n d i c a t e s  
t h a t  t h e  P r a n d t l  number i s  n o t  an i m p o r t a n t  parameter  i n  t h e  unburned gas hea t  
t r a n s f e r  equat ion .  
C o r r e l a t i o n  I - B  - Burned Gas Case. - The exper imen ta l  d a t a  used i n  t h i s  
'burned gas c o r r e l a t i o n  were taken from the  combust ion/exhaust  c y c l e  o f  eng ine  
f i r i n g  cases. Again,  t h e  P r a n d t l  number i s  no t  a dominant parameter i n  t h e  
burned gas a n a l y s i s .  Thus t h e  regressed e q u a t i o n  i s :  
-3.28 
= 13.865 (t) (Re)0.3906 (18)  
The average e r r o r  o f  equa t ion  (18)  i s  22.73 p e r c e n t  ( t a b l e  I V )  and t h e  
c o e f f i c i e n t  o f  d e t e r m i n a t i o n  i s  0.788 ( t a b l e  V I .  Note i n  equat ions  (17)  
and (18) the  P r a n d t l  number i s  n o t  i n c l u d e d  because i t s  va lue  change i s  v e r y  
smal l  based on the  exper imenta l  da ta ;  b u t ,  if t h e  P r a n d t l  number does v a r y  
w i d e l y ,  then i t  should be i n c l u d e d  i n  the  c o r r e l a t e  equa t ion .  
C o r r e l a t i o n  I1 
The gas hea t  t r a n s f e r  c o e f f i c i e n t  as a f u n c t i o n  o f  gas tempera ture ,  p res -  
sure,  and v e l o c i t y .  
t he  form: 
Th is  r e l a t i o n s h i p  can be rep resen ted  by an e q u a t i o n  o f  
7 
Again,  as ment ioned b e f o r e ,  t he  burned gas case and unburned gas case 
were ana lyzed s e p a r a t e l y  by  t h e  m u l t i p l e  l i n e a r  r e p r e s s i o n  program. 
C o r r e l a t i o n  I I - A  - Unburned Gas Case. - Two equat ions  were reg ressed  and 
compared to  s tudy  whether t h e  b u l k  gas temperature (Th) or gas f i l m  tempera- 
t u r e  ( T f )  i s  a dominant parameter .  -The equat ions  are: 
-0.538(p)0.3593(v)1.2152 h(a)  = 19.402(Tb) 
-0.092(p)0. 1064(v)1 .2152 h(a)  = 1.0808(Tf) 
(20)  
(21 1 
The average e r r o r s  of equa t ions  (20) and (211, a r e  18.69 and 19.50 p e r c e n t  
r e s p e c t i v e l y ,  and t h e  c o e f f i c i e n t s  o f  d e t e r m i n a t i o n  a r e  0.9201 and 0.9008, 
r e s p e c t i v e l y .  Thus, we concluded equa t ion  (20)  i s  b e t t e r  than e q u a t i o n  (21)  
and t h e  r e s u l t  i s  shown i n  t a b l e  V I .  
C o r r e l a t i o n  I I - B  - Burned Gas Case. - Two equat ions  a r e  regressed t o  
de termine i f  e i t h e r  b u l k  gas tempera ture  or gas f i l m  temperature i s  an impor- 
t a n t  parameter .  
-0.45( 0689( v )  1 .4327 h(a) = 6.2315(Tb) 
h (a> = 2.34.14(Tf)  -0.941~p~0.1378~v~1.2767 
(22)  
(23) 
The average e r r o r s  o f  equa t ions  (22)  and (23)  a r e  17.83 and 20.69 pe rcen t ,  
r e s p e c t i v e l y ;  t h e  c o e f f i c i e n t  o f  d e t e r m i n a t i o n  i s  0.8726 and 0.7059, respec-  
t i v e l y .  Thus we concluded t h a t  equa t ion  (22)  i s  a b e t t e r  equa t ion  t o  be used 
i n  the  burned gas r e g i o n .  The r e s u l t  i s  shown i n  t a b l e  V I I .  
CONCLUSIONS 
1 .  The i n v e s t i g a t i o n  o f  hea t  t r a n s f e r  mechanisms i n  t h e  D I S C  r o t a r y  engine 
l e d  t o  d i f f e r e n t  regressed equat ions  for convec t i ve  hea t  t r a n s f e r .  
equa t ion  shou ld  be used depending on whether gas i s  unburned or burned. 
A separa te  
There a r e  two equat ions  d e r i v e d  for the  unburned gas r e g i o n  
-4.552 
= 0.3311 (t) (Re)0.7387 
NU 
h (a> = 19.402(Tb) -0.538(p)0.3593(v)0.9794 
(17) 
(20) 
There a r e  two equat ions  d e r i v e d  for t h e  burned gas r e g i o n :  
8 
-3.28 
= 13.865 ($) (Re)0.3906 
NU 
(18)  
(22)  h (u)  = 6.2315(Tb) -0.45(p)0.0689(v)1.4327 
2.  For b e t t e r  p ressu re  r e s o l u t i o n ,  a 1 0 - b i t  or h i g h e r  A-D c o n v e r t o r  i s  
r e q u i r e d  i n  o r d e r  t o  reduce the  exper imenta l  e r r o r .  I n  t h i s  s tudy,  t he  pres-  
sure  d a t a  d i g i t i z e d  by  the  e i g h t - b i t  A-D c o n v e r t e r  does n o t  have adequate reso-  
l u t i o n  i n  t h e  lower  p ressu re  range.  For example, i f  t h e  maximum pressure  i n  
t h e  chamber i s  3.5 MPa, then  t h e  inc rementa l  p ressure  change i s  3.5 MPa/(28/2) 
= 0.027 MPa. A t  peak p ressu re  t h e  e r r o r  i s  3.911500 = 0.8 pe rcen t ,  b u t  near 






A '  
B 
B '  
b 
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K '  
k 
k l  
k2 
Nu 
n i  
I n j  
P 
P r  
Reynolds number exponent de f ined i n  e q u a t i o n  (13)  
temperature exponent de f ined i n  e q u a t i o n  (19)  
P r a n d t l  number exponent d e f i n e d  i n  equa t ion  (13)  
p ressure  exponent d e f i n e d  i n  equa t ion  (19)  
w i d t h  o f  t h e  ro tor  housing,  f t or (m) 
temperature r a t i o  exponent d e f i n e d  i n  e q u a t i o n  (13) 
v e l o c i t y  exponent de f ined i n  equa t ion  (19)  
mean p i s t o n  speed i n  f t l s e c .  or (m) 
s p e c i f i c  hea t  of gas a t  cons tan t  p ressu re ,  B t u / ( l  b > ( " F > ( o r  c a l / ( g >  
( O K ) )  
c h a r a c t e r i s t i c  l e n g t h  i n  t h e  gas chamber, f t  or (m) 
c h a r a c t e r i s t i c  w i d t h  o f  t h e  p i s t o n ,  f t  or (m) 
e c c e n t r i c i t y  o f  rotor j o u r n a l ,  f t . or (m) 
gas hea t  t r a n s f e r  c o e f f i c i e n t ,  B t u / ( s e c ) ( f t 2 ) ( " F )  or ( K c a l / ( s e c >  (m2)  
(OK) 
average l o c a l  as h e a t - t r a n s f e r  c o e f f i c i e n t ,  B t u / ( s e c ) ( f t 2 ) ( " F >  or 
(Kca l / ( sec>  (m ! ) (OK)) as a f u n c t i o n  o f  c rank  ang le  
cons tan t  i n  hea t  t r a n s f e r  equa t ion ,  d e f i n e d  i n  equa t ion  (13)  
cons tan t  i n  hea t  t r a n s f e r  equa t ion ,  de f ined e q u a t i o n  (19)  
thermal  c o n d u c t i v i t y  of gas, B t u / ( s e c > ( f t > ( " F >  or ( c a l / ( s e c >  (m> ( O K )  
average thermal  c o n d u c t i v i t y  between p o i n t s  3 and 4 ( F i g .  31, 
B tu / ( sec>  ( f t > ( " F >  or ( K c a l / ( s e c >  (m> ( O K > >  
average thermal  c o n d u c t i v i t y  between p o i n t  3 and gas s i d e  s u r f a c e  
B t u / ( s e c ) ( f t > ( " F > o r  ( K c a l / ( s e c >  (m> ( O K )  
Nusse l t  number, hD/k 
number o f  moles of component i ,  l b - m o l e l c y c l e  or ( g  - mo le /cyc le>  
t o t a l  number o f  moles of burned gas, l b - m o l e l c y c l e  or ( g  - mo le /cyc le>  
pressure  of the  work ing  f l u i d ,  p s i a  
P r a n d t l  number, Cp p / k  
10 
/ \  
local heat transfer rate per unit area through point 3 and 4 ,  ""-' Btu/ft 2 -hr or ( K  Cal/hr - in 2 ) 
R gas constant, 10.731 (psi>(ft3)/(lb-m0le)(~K) or (1.987 cal/g - mole) 
( O K ) )  
R' 
Re 





the generating radius, ft. or (m) 
PVD/l.c 
distance between points 3 and 4 (fig. 31, ft. or (m)  
distance between point 3 and gas side surface (fig. 3), ft.or (m) 
average housing temperature at point 3, O F  or ( O K )  
average housing temperature at point 4, O F  or ( O K )  
average bulk temperature of fluid, O F  or ( O K )  
average local gas side film temperature O F  or ( O K )  
average bulk temperature of gas O F  or ( O K )  
average wall temperature, O F  or ( O K )  
average gas side wall temperature, O F  or ( O K )  
characteristic gas velocity, ft/sec or (m/sec> 
V(a> local volume of the working chamber, ft3, or (m3>, as a function of 
crank angle # 
Vmin minimum volume of the working chamber, ft3, or (M3) 
P gas density, lb/ft3 or (g/cm3) 
w angular speed of output shaft, l/(sec> 
4 
(s a angle of output shaft 
E 
1 1  
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TABLE I 
c [Nu = 0.0620 (Tb/Tf):-4.657 NU = 0.3311 (Tb/Tf )  -4.552 ( P r )  A-4.389 (Re)_^O. 7450 . . . ( 16) (Re) 0.7367 ... ( 1 7 ) l  

















































































































































































































































































































































































[Number o f  d a t a s e t s  = 32, Y = -2.78006 
-4.65772 X1 -4.38901 X2 + 0.745065 















X l  











6.853193 I .158711 
4.274858 .128393 





5.241 21 7 
6.61 2712 






















-.37062 I 8.447628 
-. 37367 -. 36976 
-. 37236 -. 37367 
-. 37294 
-. 37498 







-. 37077 -. 3301 7 -. 33435 -. 3361 7 
-. 36744 
-.37091 
-.37019 -. 37294 -. 37396 




























[Number o f  d a t a s e t s  = 32, Y = -1.10530 
-4.55257 X 1  + 0.736769 X2, 




















5.241 21 7 
6.61 27 12 
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TABLE I V  
[Nu = 13.865 (Tb/Tf)^-3.280 (Re)^0.3906 ... (1811 







7 384.29 1.3643 
(18)  
Nucal. I dNu(%) 
8 232 18 1.3275 


























































































20 I 338.56 I 1.4676 















26 330.2 1.4543 
1.2539 
;; 1 :;.23 1 1.3892 




















































[Number o f  da tase ts  = 34, 
Y = 2.629 -3.280 X 1  
+O .3906 X2, coef f i c i  ency 









































































1 1 .53622 






1 1 .38445 
11.77311 
11.63590 





















1 1 .37684 
1 1 .76396 
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TABLE V I  
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FIGURE 1 .  - INSTRUMENTED OMC ENGINE. 
ORIGINAL PAGE IS 
s)E W R  QUALIm 
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FIGURE 3. - TIME AVERAGE WALL TEMPERATURE. 
C.A.  
GAS SIDE WALL TEMPERATURE VERSUS 
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FIGURE 5 .  - AVERAGE HEAT FLUX PER UNIT AREA. HEAT FLUX PER UNIT AREA VERSUS 
C.A. 
W 
FIGURE 6.  - PRESSURE TRANSDUCER LOCATIONS. 
ORIGINAL PRGZ IS 
OF POOR QUALITX 
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FIGURE 7. - A-D REAL TIME DATA RECORDIN6 SYSTEM. 
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